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Abstract
Plants of miscanthus were grown in a Cd-free solution up to 1 month before heading and then were exposed to 0, 0.75, 1.5,
2.25 and 3mg l−1 cadmium for 36 days. All cadmium levels were toxic to miscanthus. Growth response was not dose-dependent
and two toxicity thresholds were identified: one between 0 and 0.75mg l−1 Cd, the other between 2.25 and 3mg l−1 Cd. The
former caused a biomass decrease by about 50%, whereas the latter completely inhibited growth and disrupted the mechanisms
that restricted Cd translocation to the shoot. Growth of the aerial part was affected by cadmium more than that of the hypogeal
one. Cadmium did not change the N concentration of different plant parts, but markedly reduced the N uptake of the plant, the
N net uptake rate (NUR) and the N net translocation rate (NTR) from the rhizome to the aerial part. These two indexes equalled
zero when plants ceased to grow. Otherwise, the Cd-NUR increased with Cd supply and the Cd-NTR from rhizome to aerial part
showed the highest increment when plants did not grow at all. This suggests different uptake pathways for the two elements,
active for nitrogen and passive for cadmium. The Cd concentration and the Cd content markedly increased with all Cd levels,
following the order roots# rhizome > culms > leaves. The Cd concentration and the Cd content of aerial organs increased with
Cd supply, but increments were highest between 2.25 and 3mg l−1 Cd. The highest Cd concentrations were recorded in plants
grown with 3mg l−1 Cd and were 41 and 122mg kg−1, respectively, for the aerial and the hypogeal plant parts. The hypogeal
plant part retained most of the cadmium taken up from solution, accounting for approximately 87% of total plant cadmium with
the three lower Cd levels, and for 73% with the highest one. The maximum Cd content of the entire plant was achieved with
the two higher Cd levels and was approximately 4.7mg, while the Cd content of the aerial part was highest with 3mg l−1 Cd
(1.2mg Cd per plant) and that of the hypogeal one with 2.25mg l−1 Cd (4mg Cd per plant). The highest aerial content achieved
in this experiment was 10-fold that obtained in a previous research when small-sized plants were exposed to the same Cd level.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Disposal of industrial waste materials has been es-
timated to contaminate thousands of hectares of pro-
ductive agricultural land throughout the world causing
an increase in the soil concentrations of most metals
(Naidu et al., 2001). Cadmium is a contaminant of high
concern and inUSA it is ranked the secondmetal in im-
portance as environmental pollutant (Salt et al., 1998).
Cadmium has an estimated half-life in soil varying be-
tween 15 and 1100 years and a relative high transfer
coefficient from soil to plant, which increases the risk
of its accumulation in the environment and its entry into
the food chain (Vig et al., 2003). In the United King-
dom a progressive increase in cadmium concentration
of soils has been demonstrated over the past 130 years,
with the highest increase in the last 20 years (Jensen
and Bro-Rasmussen, 1992).
In the last decade the use of plants for remediat-
ing Cd-contaminated soils has emerged as a promis-
ing, cost-effective and ecological-friendly alternative
to conventional methods (Ebbs et al., 1997). In or-
der to select species able to grow on Cd-contaminated
soils and to extract the metal, research has been car-
ried out both on hyperaccumulator plants (Brown et
al., 1995; Robinson et al., 1998) and on crops (Salt
et al., 1995; Peralta-Videa et al., 2002). Most known
hyperaccumulators, however, have low biomass and/or
slow growth rates, and are difficult to be grown and
harvested (Brown et al., 1995; Sanita` di Toppi et al.,
2001). On the other hand, crops are generally sensitive
to high cadmium levels and retain this metal mostly in
roots (Smith et al., 1985; Salt et al., 1995; Gouia et al.,
2000). In particular, cadmium is toxic to several physi-
ological processes and especially to transpiration, that
is essential for the uptake and translocation to the shoot
of nutrients and of cadmium itself (Haag-Kerwer et al.,
1999; Varga et al., 1999).
There is general acceptance that the root uptake
of cadmium is a non-metabolic energy-independent
mechanism that occurres with the aid ofmembrane car-
riers or even aqueous pores and is, therefore, concur-
rent with water inflow (Wagner, 1993; Siedlecka et al.,
2001). Thus, the amount of cadmium absorbed by roots
is independent from the uptake rate of nutrients and is
determined only by the external concentration of cad-
mium and by the saturation of binding sites within the
root (Salt et al., 1995;Maine et al., 2001). Internal trans-
port to shoot, in contrast, is considered a Cd-sensitive
process regulated by root content, by the rate of tran-
spiration and by physiological barriers (Haag-Kerwer
et al., 1999; Varga et al., 1999). At non-toxic levels the
degree of Cd accumulation in the shoot is positively
related to the rate of transpiration and to nutrient flow
and is usually maintained at low and constant levels by
transport-restriction mechanisms (Gouia et al., 2000;
Kim et al., 2003), whereas at toxic levels it becomes a
passive process similar to root uptake (Salt et al., 1995)
and is, therefore, only dependent from root concentra-
tion and shoot biomass.
At present, the major limitations to the effective
application of Cd phytoextraction to soil remediation
are the low availability of cadmium in soil, generally
about 5% of total content at neutral pH, and the low Cd
translocation to the aboveground part of most species,
mainly less than 20% of total plant content (Jarvis et
al., 1976;Wagner, 1993; Salt et al., 1995). The addition
of chelating agents and organic acids to soils was found
to increase both the Cd availability for root uptake and
the Cd transport to shoots (Gao et al., 2003; Madrid
et al., 2003) but contrasting results were also reported,
since the addition of EDTA to soil was found to in-
crease for at least one month losses of contaminants
and macronutrients through leaching (Wu et al., 2004).
Besides, the addition of chelates tometal-polluted soils
was found to have an adverse effect on plant growth and
even survival, which decreased the biomass and the Cd
concentration in aerial tissues, thus reducing the phy-
toextraction efficiency of the plant (Chen and Cutright,
2001; Sanita` di Toppi et al., 2001). According to Salt et
al. (1998), these drawbacks could be partly overcome
applying the contaminated substratum or the chelating
agent onlywhen plants are near the end of the exponen-
tial phase of growth and harvesting them after a short
accumulation phase, generally few days or weeks.
The identification of a safe and economically-
profitable destination for the metal-enriched plant
residues is considered a priority in phytoremediation.
Therefore, special attention was devoted to non-food
crops, i.e. bioenergy and industrial crops, that have fast
growth rate and high biomass, such as willow, poplar,
indian mustard and hemp (Salt et al., 1995; Punshon,
2001; Klang-Westin and Perttu, 2002; Linger et al.,
2002; Pulford and Watson, 2003).
In order to assess the feasibility of miscanthus crops
for the phytoremediation of Cd-contaminated waters
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and sludges, we investigated the growth and Cd-uptake
performance of plants of Miscanthus sinensis L. var.
Giganteus grown in hydroponics. Miscanthus is a vig-
orous, high-yielding, perennial, Gramineae species,
which reproduces vegetatively by rhizomes and is cul-
tivated in Europe since the 1990s as energy crop (Ercoli
et al., 1999).
Though results obtained with hydroponics-grown
plants can not be directly referred to field conditions,
they are crucial to highlight the physiological response
of plants in controlled conditions. In previous investi-
gations young, small-sized (about 20 cm tall) plants of
miscanthus were exposed to cadmium in nutrient so-
lution during the entire vegetative season. Miscanthus
growth was significantly reduced with cadmium con-
centrations equal or higher than 0.75mg l−1 and the
amount of cadmium accumulated in the aerial part in-
creased at increasing supply till the toxicity threshold
and then progressively decreased with increasing sup-
ply (Arduini et al., 2003, 2004).
Aim of this work was to assess wether the applica-
tion of toxic levels of cadmium to large-sized plants of
miscanthus could ameliorate the uptake performance of
this species. Four cadmium concentrations, comprised
between 0.75 and 3mg l−1, were used. Taking into ac-
count previous knowledge on the growth patterns and
the phenological development of miscanthus in hy-
droponics, Cd application was started approximately
1 month before heading. At this time, plants were near
the end of their exponential phase of growth and, there-
fore, showed an elevated sink and a high uptake rate
for elements. Moreover, their transpiration surface was
highest and the reallocation of resources from culms
and leaves to panicles and rhizome had not yet started.
Plant growth and cadmium uptake and distribution pat-
terns were analyzed in response to cadmium level. In
order to try to elucidate how cadmium moves into and
within the plant, the Cd uptake and translocation rates
were compared with those of nitrogen, an essential el-
ement for plant nutrition.
2. Materials and methods
2.1. Plant material and growth conditions
Rhizomes ofMiscanthus sinensis L. var. Giganteus
(Greef and Deuter, 1993) were collected in the field
from a 9-year-old crop, cut into pieces of about 20 g
fresh weight and placed in pots filled with sand. Pots
were placed in a greenhouse and regularly watered.
About one month later (4th May), plants that were
about 20 cm tall were transferred to an open-air hydro-
ponics installation equipped for the nutrient film tech-
nique. The circulating nutrient solution had a volume
of 80 l for each treatment and was arranged following
Clark (1982) with slight modifications. Ion concentra-
tions in the final solution (all the following expressed
in mg l−1) were: NO3–N, 351; Ca, 302.4; K, 283; S,
192; NH4–N, 128; Cl, 65; Mg, 37.8; Na, 4.56; Fe,
4; P, 2; Mn, 0.974; B, 0.536; Zn, 0.3; Cu, 0.076 and
Mo, 0.155. In order to keep the concentration of the
nutrient solution constant, evaporated and transpired
water was continuously replaced with tap water and,
every 2 weeks, the nutrient solution was completely
renewed. The pH and conductivity were monitored
at 2-day interval and they were 7.5 and 3.8mS cm−1
throughout the whole experiment with only slight vari-
ations.
Plants were grown in the Cd-free nutrient solution
for 81 days (24th July), then the metal was added to
the solution as nitrate salt to final concentrations of 0
(control), 0.75, 1.5, 2.25 and 3mg l−1 Cd. Each treat-
ment (Cd level) was comprised of 16 plants spaced at
50-cm intervals, thus simulating a field density, which
is commonly used for miscanthus crops in Italy (Ercoli
et al., 1999).
Four plants per treatment were randomly harvested
just before cadmium addition (0 days after treatment,
DAT), and when control plants had achieved the head-
ing stage (36 DAT).
2.2. Growth parameters
Harvested plants were divided into culms, green
and dead leaves, rhizome and roots. Leaves were con-
sidered dead when about 90% of their sheet was
dried up. The number of culms and green leaves was
recorded. Plant height was determined as the length
of the highest culm deprived from leaves. Roots were
generously rinsed with tap water to remove Cd de-
posits. For dry weight determination, all plant parts
were dried at 75 ◦C to constant weight. Previously,
a fresh root sample had been taken from each plant
for the estimation of root length, surface, volume and
average diameter. Each root sample was divided into
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three subsamples of about 1 g fresh weight that were
weighed, cut into pieces of less than 10 cm, and dis-
tributed on a glass Petri dish of 20 cm diameter avoid-
ing overlapping. By means of a Leica Quantimet 500
image analyser, we measured the length and the area
of each root subsample, the former as the sum of
the lengths of single root pieces, and the latter as
the sum of the projections of single pieces on the
Petri-dish surface. Then, the average diameter of each
root system was estimated dividing total area by total
length.
The root surface was estimated, after Kokko et al.
(1993), as:
Root surface = pi × root area
Assuming that root systems are equivalent to cylin-
ders, which diameter (d) corresponds to the root aver-
age diameter and which height (h) corresponds to total
root length, root volume was estimated as:
Root volume = pi ×
(
d
2
)2
× h
2.3. Chemical analyses
Total nitrogen was determined by the microKjel-
dahl method (Bremnar, 1965) on dried plant parts
ground to pass through a 40-mesh stainless steel
screen. Cadmium concentration was determined by
atomic absorption spectrometry (GBC 903 Single
Beam, Australia) on ground samples (0.5 g) that were
overnight predigested in 5ml concentrated HNO3,
and then digested adding 1ml HClO4 at 220 ◦C
in an aluminium block digestor (Tecator ab, Swe-
den).
2.4. Calculation of indexes and statistics
Following Engels (1993), the specific dry weight
increment (SDWI) was used to quantify the mineral
nutrient demand created by shoot growth that is im-
posed on each unit weight of the root system. It was
calculated as:
SDWI = S2 − S1
d
× ln(Rs2/Rs1)Rs2 − Rs1
where S is the dryweight of the shoot, Rs the dryweight
of the root system at the beginning (1) and at the end
(2) of the treatment period and d is the duration of the
period.
The net uptake rates (NUR) of N and Cd were de-
termined following Engels (1993), as:
NUR = Pc2 − Pc1
d
× ln(Rs2/Rs1)Rs2 − Rs1
where Pc is the N or Cd, content of the whole plant, Rs
the dry weight of the root system at the beginning (1)
and at the end (2) of the treatment period, and d is the
duration of the period.
The net translocation rates (NTR) were determined
for the N or Cd, translocated from roots to rhizome and
from rhizome to aerial part, as:
NTR = Sn2 − Sn1
d
× ln(So2/So1)So2 − So1
In the formula Sn is the N or Cd content of the
sink, So the N, or Cd, content of the source, at the
beginning (Sn1 and So1) and at the end (Sn2 and So2)
of the treatment period, and d is the duration of the
period.
Data were analyzed with analysis of variance tech-
niques (randomized block design) to test effects of Cd
Table 1
Plant height, number of culms and number of green leaves of miscanthus plants treated for 36 days with different cadmium concentrations
DAT Cadmium supply
(mg l−1)
Plant
height (cm)
Culm number
(n per plant)
Green leaf number
(n per plant)
0 0 45.2± 4.1 a 16± 1.6 a 42± 4.4 a
36 0 79.6± 8.8 c 28± 2.9 c 85± 7.9 c
0.75 51.0± 4.7 b 22± 2.2 b 49± 4.1 b
1.50 50.0± 5.0 ab 16± 1.4 a 42± 4.6 a
2.25 48.8± 4.3 ab 16± 1.6 a 45± 4.3 ab
3.00 45.2± 4.9 a 16± 1.4 a 22± 2.4 d
Data are means± standard errors of four replicates. Values in each column followed by the same letter are not significantly different at P≤ 0.05
as determined by the Duncan’s test.
I. Arduini et al. / Environmental and Experimental Botany 55 (2006) 29–40 33
Table 2
Growth of miscanthus plants treated for 36 days with different cadmium concentrations
DAT Cadmium
supply (mg l−1)
Dry weight (g per plant)
Culms Leaves Aerial part Rhizome Roots Hypogeal part Entire plant
0 0 15.3± 1.7 a 14.9± 1.6 a 30.2± 3.0 a 17.6± 1.8 a 10.1 ± 1.0 a 27.7± 2.9 a 57.9 ± 5.2 a
36 0 46.8± 4.9 d 42.0± 3.9 d 88.8± 7.7 d 50.8± 5.4 c 23.1 ± 2.3 c 73.9± 7.1 c 162.7 ± 16.6 c
0.75 24.7± 2.4 c 26.4± 2.3 c 51.1± 4.5 c 33.3± 3.1 b 19.4 ± 1.9 c 52.7± 5.5 b 103.8 ± 10.1 b
1.50 22.5± 2.1 bc 19.0± 1.7 b 41.5± 4.3 b 35.5± 3.3 b 13.8 ± 1.4 b 49.3± 5.1 b 90.8 ± 9.4 b
2.25 20.8± 2.1 b 21.7± 2.2 b 42.5± 4.3 b 37.7± 3.7 b 10.7 ± 1.0 a 48.4± 4.8 b 90.9 ± 8.9 b
3.00 15.3± 1.5 a 15.0± 1.6 a 30.3± 3.2 a 19.5± 2.0 a 8.4 ± 0.9 a 27.9± 2.7 a 58.2 ± 6.4 a
Data are means± standard errors of four replicates. Values in each column followed by the same letter are not significantly different at P≤ 0.05
as determined by the Duncan’s test.
level. Significantly different means were separated at
0.05 probability level by the least significant difference
test (Steel et al., 1997).
3. Results
3.1. Plant growth
During the 36-day period of Cd treatment the culm
height of control plants had increased by 76%, the
number of culms per plant by 75% and the num-
ber of green leaves by 102% (Table 1). All cad-
mium levels drastically reduced miscanthus growth,
so that the emission of new culms and leaves was
completely inhibited with 1.5mg l−1 Cd and culm
elongation with 3mg l−1 Cd. Besides, a marked in-
Fig. 1. Specific dry weight increment of miscanthus plants treated
for 36 days with different cadmium concentrations. Bars represent
standard errors of four replicates.
crease of leaf senescence occurred with the high-
est Cd concentration (Table 1). As a consequence,
the biomass of Cd-treated plants was much lower
than that of controls at the end of the treatment
period and no biomass production was recorded
at all in culms, leaves and rhizome treated with
3mg l−1 Cd, and in roots treated with 2.25mg l−1 Cd
(Table 2). Compared to controls, the lowest Cd ap-
plication, 0.75mg l−1, decreased the dry weight of
all plant parts except roots, with decrements rang-
ing from 34% (rhizome) to 47% (culms). With the
further increase of Cd concentration, the dry weight
of culms and rhizome did not change greatly up to
2.25mg l−1 and then decreased again, that of leaves
decreased between the two lower and the two higher
Cd concentrations and that of roots decreased pro-
gressively with increasing Cd level. The specific dry
weight increment (SDWI) was decreased approxi-
mately by 74% up to 2.25mg l−1 Cd and was equal
zero with the highest Cd level, indicating that shoot
growth was affected by Cd more than root growth
(Fig. 1).
3.2. Root morphology
The development of the root system was greatly af-
fected by all cadmium levels. During the treatment pe-
riod, the length, the surface and the volume of roots
increased only in control plants and in those treated
with 0.75mg l−1 Cd (Table 3). Thus, at the end of ex-
periment, above root-size parameterswere lower inCd-
treated roots than in controls. Decrements were by 46,
34 and 20% for root length, surface and volume with
0.75mg l−1 Cd, and approximately by 70, 67 and 64%
with the other Cd levels. The average diameter of roots
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Table 3
Length, average diameter, surface and volume of the roots of miscanthus plants treated for 36 days with different cadmium concentrations
DAT Cadmium supply (mg l−1) Root
Length (m per plant) Diameter (mm) Surface (dm2 per plant) Volume (cm3 per plant)
0 0 209.5± 21.5 a 1.1± 0.10 a 72.4 ± 8.3 a 199.1± 15.7 a
36 0 557.5± 50.2 d 1.2± 0.11 a 203.4 ± 22.4 c 590.5± 52.6 b
0.75 303.5± 30.0 c 1.2± 0.12 a 134.0 ± 12.7 b 471.0± 45.2 b
1.50 212.1± 21.4 a 1.2± 0.12 a 79.4 ± 9.5 a 236.5± 24.4 a
2.25 128.6± 13.2 b 1.3± 0.13 b 52.5 ± 5.1 a 170.9± 17.9 a
3.00 169.7± 17.6 ab 1.3± 0.13 b 70.3 ± 6.5 a 231.9± 22.3 a
Data are means± standard errors of four replicates. Values in each column followed by the same letter are not significantly different at P≤ 0.05
as determined by the Duncan’s test.
was unchanged up to 1.5mg l−1 Cd and slightly in-
creased with the two highest Cd levels.
3.3. Nitrogen uptake
The nitrogen concentration of all plant parts was
not affected by cadmium and, averaged over all
Cd levels, it was 25 g kg−1 for the aerial part and
33 g kg−1 for the hypogeal one. In contrast, we
recorded marked decrements in the nitrogen con-
tent of different plant parts in response to cad-
mium, that were, therefore, exclusively due to the
negative effect of cadmium on growth (data not re-
ported).
Fig. 2. Net uptake rates of nitrogen (a) and of cadmium (c) and net translocation rates of nitrogen (b) and of cadmium (d) from roots to rhizome
(Rt–Rm) and from rhizome to aerial part (Rm–AP) ofmiscanthus plants treated for 36 dayswith different cadmium concentrations. Bars represent
standard errors of four replicates.
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t. The total N-uptake of miscanthus during the treat-
ment periodwas 3 g per plant in controls, 1.4 g per plant
with 0.75mg l−1 Cd, approximately 0.9 gper plantwith
cadmium up to 2.25mg l−1 and only 0.1 g per plant
with 3mg l−1 Cd (Table 4). At this Cd concentration
the accumulation of nitrogen in the aerial part was neg-
ligible and that of roots and leaves was even lower than
at the beginning of treatment.
Compared to control values, the net uptake rate
of nitrogen decreased approximately by 55% with
the Cd concentrations comprised between 0.75 and
2.25mg l−1 and it was near zero with the highest Cd
level (Fig. 2a). The net translocation rate of nitrogen
from roots to rhizome decreased by 42% with the
lowest Cd level, progressively increased up to con-
trol values with the increase of Cd concentration up to
2.25mg l−1 and then drastically decreased again with
the highest Cd level (Fig. 2b). In contrast, the NTR
from rhizome to aerial part sharply decreased up to
1.5mg l−1 Cd, was unchanged between this level and
2.25mg l−1 Cd and then dropped to 0 with 3mg l−1 Cd
(Fig. 2b).
3.4. Cadmium uptake and distribution
No cadmium was recorded in any plant part before
Cd application and in controls at the end of the treat-
ment period (data not reported). With all Cd levels the
Cd concentration markedly increased in miscanthus
following the order roots# rhizome > culms > leaves
(Table 5). The Cd concentration of culms and leaves
increased with the increase of cadmium in solution. In
contrast, that of the rhizome did not increase between
0.75 and 1.5mg l−1 Cd and then increased with Cd
level, and that of roots increased according to supply
up to 2.25mg l−1 Cd and then was unchanged. The
increase in the Cd concentration of culms, leaves and
rhizome was not proportional to increased availabil-
ity but was by far higher between 2.25 and 3mg l−1
Cd than between the lower Cd levels. In consequence,
the difference between the Cd concentration of roots
and that of the other plant parts increased with Cd sup-
ply up to 2.25mg l−1 Cd and then decreased markedly.
The Cd concentration of the aerial and the hypogeal
plant parts and that of the entire plant increased with
supply and, again, increments were higher between the
two highest Cd levels. Thus, in miscanthus, the highest
Cd concentrations were recorded with 3mg l−1 Cd and
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Table 5
Cadmium concentration and content of miscanthus plants treated for 36 days with different cadmium concentrations
Cadmium supply (mg l−1) Culms Leaves Aerial part Rhizome Roots Hypogeal part Entire plant
Cadmium concentration (mg kg−1)
0.75 7.7 ± 0.9 a 3.2 ± 0.3 a 5.4 ± 0.6 a 32.4 ± 3.1 a 63.5 ± 6.4 a 43.8 ± 4.1 a 24.9 ± 2.5 a
1.50 16.3 ± 1.6 b 6.1 ± 0.6 ab 11.6 ± 1.4 b 30.5 ± 3.1 a 141.8 ± 14.9 b 61.6 ± 6.2 b 38.8 ± 3.6 b
2.25 27.5 ± 2.7 c 7.5 ± 0.8 b 17.3 ± 1.8 c 41.9 ± 4.6 b 229.4 ± 24.3 c 83.4 ± 10.0 c 52.5 ± 5.4 c
3.00 56.4 ± 5.8 d 24.9 ± 2.3 c 40.8 ± 4.1 d 81.0 ± 8.0 c 218.1 ± 23.1 c 122.1 ± 11.7 d 79.8± 7.8 d
Cadmium content (!g per plant)
0.75 190.1 ± 20.3 a 85.0 ± 9.0 a 275.1 ± 28.6 a 1078 ± 109 a 1229 ± 129 a 2307 ± 213 a 2582 ± 274 a
1.50 366.6 ± 37.4 b 115.6 ± 10.3 a 482.3 ± 43.4 b 1084 ± 113 a 1956 ± 215 b 3040 ± 325 b 3522 ± 363 b
2.25 571.3 ± 52.0 c 162.8 ± 16.3 b 734.1 ± 74.9 c 1579 ± 152 b 2454 ± 260 c 4034 ± 355 c 4768 ± 491 c
3.00 862.9 ± 88.9 d 374.0 ± 35.5 c 1237.0 ± 123 d 1583 ± 165 b 1862 ± 179 b 3409 ± 348 b 4646 ± 511 c
Data are means± standard errors of four replicates. For both measured parameters values in each column followed by the same letter are not
significantly different at P≤ 0.05 as determined by the Duncan’s test.
were 41 and 122mg kg−1, respectively, for the aerial
and the hypogeal plant parts (Table 5).
The cadmium content of the different parts
of the miscanthus plant was in the order
roots > rhizome# culms > leaves with all Cd lev-
els (Table 5). In culms and leaves the Cd content
increased progressively with increasing supply and
the highest increments were recorded between 2.25
and 3mg l−1 Cd. The cadmium content of the rhi-
zome increased only between 0 and 0.75mg l−1 Cd
and between 1.5 and 2.25mg l−1 Cd, whereas that
of roots increased linearly up to 2.25mg l−1 Cd
and then decreased with 3mg l−1 Cd to the value
recorded with 1.5mg l−1 Cd. The hypogeal plant
part retained most of the cadmium taken up from
solution, accounting for approximately 87% of total
plant cadmium with the three lower Cd levels and
for 73% with the highest one. Thus, the maximum
Cd content of the entire plant was achieved with the
two higher Cd levels and was approximately 4.7mg,
while the Cd content of the aerial part was highest
with 3mg l−1 Cd (1.2mg Cd per plant) and that of the
hypogeal one with 2.25mg l−1 Cd (4mg Cd per plant)
(Table 5).
The net uptake rate of cadmium increased from 5 to
14!g Cd g−1 d−1 with increasing Cd supply (Fig. 2c).
The net translocation rate of cadmium drastically de-
creased when the Cd concentration in solution in-
creased from 0.75 to 1.5mg l−1 and then increased
progressively up to the value recorded with the lowest
supply (Fig. 2d). In contrast, theNTR from the rhizome
to the aerial part increased with supply and the highest
increment was recorded between 2.25 and 3mg l−1 Cd.
4. Discussion
Growth patterns of miscanthus indicate that this
species does not express a dose-dependent response
to cadmium and suggest the existence of two distinct
toxicity thresholds, the lower at 0.75mg l−1 Cd and
the higher at 3mg l−1 Cd. Indeed, biomass production
is decreased by about 50% with cadmium concentra-
tions ranging from 0.75 to 2.25mg l−1 and ceases com-
pletely with 3mg l−1 Cd (Table 2). Considering also
results obtained on miscanthus previously, the former
toxicity threshold could be set more exactly between
0.5 and 0.75mg l−1 Cd (Arduini et al., 2004), whereas
the latter between 2.25 and 3mg l−1 Cd. The complete
inhibition of growthwas also observed in plants ofmis-
canthus exposed to 3mg l−1 Cd for the entire vegeta-
tive season (Arduini et al., 2003), which confirms that
this species is not able to effectively adapt to this level
of cadmium. Although our results indicate that mis-
canthus is sensitive to cadmium concentrations higher
than 0.5mg l−1 in the nutrient solution, a similar de-
gree of sensitivity was found by Landberg and Greger
(1994) in willow clones and by Salt et al. (1995) in
Brassica juncea, plants that are both considered suit-
able for the phytoextraction of cadmium. Moreover, in
the present investigation, all Cd levels dramatically re-
duce root growth (Table 3), but do not cause themarked
root thickenings and the changes in lateral root devel-
opment that are commonly reported in response to cad-
mium stress (Punz and Sieghardt, 1993), and that we
ourselves described in miscanthus plants exposed to
cadmium for over three months (Arduini et al., 2003,
2004).
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Growth of all plant parts was reduced with all cad-
mium levels and, similar to the findings of Gussarsson
(1994) and Kim et al. (2003), the decrease was
higher for the aerial part than for the hypogeal one
(Tables 1 and 2). It is noteworthy, however, that the
Cd concentrations we recorded in culms and leaves up
to 2.25mg l−1 Cd were consistent with those found
in miscanthus and in other crop species that did not
show any Cd injury (Table 5) (Jarvis et al., 1976;
Arduini et al., 2004). In our opinion, at these Cd levels,
the negative effect of Cd on shoot growth is probably
caused indirectly by the reduced functioning of roots,
which Cd concentration is more than 10-fold higher
than that of the shoot. A reduced efficiency of the root
system is also suggested by the SDWI, which values in-
dicate that the production of each unit of shoot biomass
is supported by a greater root biomass in Cd-treated
plants than in controls (Fig. 1). Cadmium has been
found to alter directly the trans-membrane potential
of root cells, thus decreasing both the active uptake of
nutrients and water and their transport into the xylem
(Kennedy and Gonsalves, 1987; Aidid and Okamoto,
1992; Herna´ndez et al., 1998). Indeed, the dramatic
decrease of transpiration flow is widely recognized as
a primar symptom of cadmium stress (Haag-Kerwer
et al., 1999; Varga et al., 1999; Gouia et al., 2000)
and several authors report that even low Cd concen-
trations decrease the root uptake and/or the transloca-
tion to the shoot of many essential nutrients such as
calcium, iron, magnesium, manganese, potassium and
zinc (Smith et al., 1985; Greger and Lindberg, 1987;
Gussarsson, 1994; Brown et al., 1995; Arduini et al.,
1998; Herna´ndez et al., 1998; Varga et al., 1999; Kim
et al., 2003). In the present work, we found that cad-
mium did not change significantly the N concentration
of different plant parts, which values were consistent
with those recorded in control plants and in field grown
crops (Ercoli et al., 1999), but reduced dramatically the
total uptake of nitrogen and, in particular, its allocation
in the shoot (Fig. 2a, Table 4). Besides, with the high-
est Cd supply a re-translocation of nitrogen from leaves
to culms probably occurred, which could be a conse-
quence of the enhanced leaf senescence. Between 0.75
and 2.25mg l−1 Cd the N-NTRs from roots to rhizome
and from this to the aerial part show opposite trends
suggesting that N accumulation occurs in the rhizome,
and this could be either consequence of the reduced re-
quest of nitrogen by the shoot or of reduced transpira-
tion (Fig. 2b). Both hypotheses are confirmed byGouia
et al. (2000) who found that cadmium drastically de-
creased the nitrate uptake of Phaseolus vulgaris plants
and also reduced the transpiration rate and the nitrogen
assimilation in leaves.
We observed that theN-NURdecreased accordingly
to the decrease of biomass production and dropped to
zero when plants ceased to grow, whereas the Cd-NUR
was independent of growth patterns and increased al-
most linearly with the increase of cadmium supply
(Fig. 2a,c). These contrasting patterns are consistent
with the hypothesis that the uptake of the essential el-
ement nitrogen is governed by metabolic mechanisms
and is therefore driven by plant growth, whereas that of
cadmium, a non-essential element, mainly depends on
its external concentration. Above trends also suggest
that the two elements have different uptake pathways,
active for nitrogen and passive for cadmium.
The cadmium distribution within miscanthus con-
firm the hypothesis of the two distinct toxicity thresh-
olds already evidenced by growth patterns. Above the
lower (0.75mg l−1 Cd), root efficiency and, conse-
quently, growth of all plant parts are reduced, but the
mechanisms that retain cadmium in roots are not dis-
rupted, so that the Cd concentration in roots remains
more than ten times higher than that of the aerial part
(Table 5). In agreement with Schneider et al. (1999)
we suggest that the endodermis acts as an effective bar-
rier to the diffusion of cadmium into the central cylin-
der and consequently to its loading into xylem vessels.
The slight increase of the aerial Cd concentration be-
tween 0.75 and 2.25mg l−1 Cd is proportional to that
occurred in roots and may be attributed to cadmium
leakage across non-suberized areas of the endodermis
(Hardiman et al., 1984). The higher toxicity threshold
(3mg l−1 Cd), in contrast, causes the breakdown of the
endodermis barrier so that the Cd concentration dras-
tically increases in the rhizome, in culms and in leaves
that show enhanced senescence (Table 5, Fig. 2d). In
parallel, the cadmium concentration of roots slightly
decreases suggesting that Cd translocation is not coun-
terbalanced by new Cd uptake from solution, proba-
bly because roots are severely damaged and die, which
was also observed byMaine et al. (2001) in Pistia stra-
tiotes. Thus, between 0 and 3mg l−1 Cd, the curve of
the Cd concentration in the aerial part has a biphasic
shape, similarly to those described by Salt et al. (1995)
in Brassica juncea and by Kim et al. (2003) in Pinus
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sylvestris. Indeed, the Cd concentration of the aerial
part increases with the increase of cadmium in solu-
tion up to the first toxicity threshold, then it decreases
slightly or keeps constant up to the second one, due
to reduced shoot growth and transpiration, and then
increases again for the brakedown of restriction bar-
riers (Arduini et al., 2003, 2004). This last increment
of both the rhizome and the aerial Cd-concentrations,
is essentially due to the massive flow of cadmium into
these tissues and probably ceases with the saturation of
Cd-binding sites.
Taking into account both literature and our results,
we suggest that the total amount of cadmium that mis-
canthus is able to accumulate in the aerial part results
from several factors among which the most important
are the aerial biomass, the transpiration flow and the en-
dodermis barrier. These factors are both synergic and
antagonistic and each one contributes differently to the
whole Cd-uptake process at toxic and non-toxic con-
ditions. Since the disruption of restriction mechanisms
generally coincides with a severe inhibition of growth
and transpiration, it is often reported that both the to-
tal amount of cadmium accumulated in aerial tissues
and the Cd-partitioning between the aerial and the hy-
pogeal plant parts decrease at extreme toxic conditions
(Hardiman et al., 1984; Brown et al., 1995; Arduini
et al., 2003). In the present work, in contrast, the Cd
content progressively increases with supply, both in the
rhizome and in the aerial part, and is highest with the
Cd level that completely stops growth (Table 5). We
think that, in our investigation, the high initial biomass
of plants and the large transpiration surface allowed the
rapid diffusion of cadmium just after the breakdown of
restriction barriers.
5. Conclusion
In conclusion, we obtained a cadmium content of
the aerial part of 1.2mg per plant by exposing large-
sized plants of miscanthus to 3mg l−1 Cd for 36 days
in the period between the end of the exponential stage
of growth and heading. This value is consistent with
that achieved with long-term applications of cadmium
concentrations below the toxicity threshold (0.5mg l−1
Cd) (Arduini et al., 2004) but is 10-fold that obtained
when small-sized plants ofmiscanthuswere exposed to
3mg l−1 Cd for the entire vegetative season (Arduini et
al., 2003). Considering to achieve similar results with
field cultivations, it would be possible to remove ap-
proximately 50 g ha−1 Cd by harvesting only the aerial
plant part and 100 g ha−1 Cd when rhizomes are har-
vested too. Above values are consistent with those
achieved by Linger et al. (2002) with Cannabis sativa
and by far exceed those reported in Pulford andWatson
(2003) with Salix.
We are fully aware that results obtained in culture
solution can not be directly referred to field conditions,
first of all because there is no correspondence between
the Cd levels that cause a given effect on plants in hy-
droponics and in soil. Nevertheless, we think it reason-
able that the changes in plant physiological processes
in response to toxic and non-toxic Cd levels are the
same independent of substratum. Therefore, taking into
account both present results and those previously ob-
tained, we suggest that even Cd-sensitive species like
miscanthus could effectively accumulate cadmium in
harvestable plant parts when the Cd-contaminated sub-
stratum, or the chelates that mobilize the metal, are ap-
plied to large-sized plants. This would allow to widen
considerably the range of species suitable for Cd phy-
toextraction, since Cd-sensitive crops could be effec-
tively used besides Cd-tolerant hyperaccumulators.
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